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Yeast DNA Polymerase  Utilizes an Induced-Fit
Mechanism of Nucleotide Incorporation
1982; Kemmink et al., 1987; Husain et al., 1988; Kim et
al., 1995). Yeast Pol also replicates through the 7,8-
dihydro-8-oxoguanine (8-oxoG) lesion efficiently and
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accurately by preferentially incorporating a C oppositeUniversity of Texas Medical Branch at Galveston
this lesion (Haracska et al., 2000b). By contrast, classical6.104 Blocker Medical Research Building
polymerases preferentially incorporate an A opposite11th and Mechanic Streets
8-oxoG, because the A:8-oxoG base pair is less dis-Galveston, Texas 77555
torting to the DNA geometry than is the C:8-oxoG base
pair (Kouchakdjian et al., 1991; Oda et al., 1991;
McAuley-Hecht et al., 1994; Lipscomb et al., 1995). PolSummary
is able to replicate through many other DNA lesions as
well (Haracska et al., 2000a; Minko et al., 2001), and itDNA polymerase  (Pol) is unique among eukaryotic
promotes the bypass of UV-induced (6-4) T-T pho-DNA polymerases in its proficient ability to replicate
toproduct by inserting a nucleotide opposite the 3T ofthrough distorting DNA lesions, and Pol synthesizes
the lesion (Johnson et al., 2001). DNA polymerase DNA with a low fidelity. Here, we use pre-steady-state
subsequently extends from the nucleotide inserted op-kinetics to investigate the mechanism of nucleotide
posite the 3T by Pol, thus completing the bypassincorporation by Pol and show that it utilizes an in-
process.duced-fit mechanism to selectively incorporate the
Based on the ability of Pol to replicate through dis-correct nucleotide. Pol discriminates poorly between
torting DNA lesions, we have previously suggested thatthe correct and incorrect nucleotide at both the initial
Pol possesses an active site that is more tolerant ofnucleotide binding step and at the subsequent in-
geometric distortions in the DNA than the replicativeduced-fit conformational change step, which precedes
DNA polymerases unable to bypass such lesions (Wash-the chemical step of phosphodiester bond formation.
ington et al., 1999, 2000; Johnson et al., 2000). WhileThis property enables Pol to bypass lesions with dis-
such a tolerance would give Pol a broad enough sub-torted DNA geometries, and it bestows upon the en-
strate specificity to bypass DNA lesions, it would pre-zyme a low fidelity.
clude Pol from synthesizing DNA with high fidelity. In
fact, steady-state kinetic analyses have shown that PolIntroduction
is a low-fidelity enzyme, misincorporating nucleotides
with a frequency of102–103 (Washington et al., 1999,DNA lesions often block the normal replication machin-
2000; Johnson et al., 2000), and as expected, in an inery, and cell death can ensue if the impediment is not
vitro reaction, human Polwas found to synthesize DNAovercome. Both in yeast and in humans, DNA polymer-
with a low fidelity (Matsuda et al., 2000).ase  (Pol) promotes error-free replication of UV-dam-
While steady-state kinetic analyses provide accurateaged DNA. In Saccharomyces cerevisiae, mutational in-
measurements of fidelity, they do not address the mech-activation of the RAD30 gene, which encodes Pol, results
anistic basis of fidelity (Johnson, 1995). Instead, pre-in increased sensitivity to UV irradiation, and it also leads
steady-state kinetic analyses are required to identify allto increased UV-induced mutation frequencies (McDon-
the elementary steps of the nucleotide incorporationald et al., 1997; Johnson et al., 1999c; Yu et al., 2001).
reaction and to determine their rates. Importantly, onlyIn humans, inactivation of Pol causes the cancer-prone
pre-steady-state kinetics methods can identify the rate-
syndrome, the variant form of xeroderma pigmentosum
limiting steps. Such studies have previously been car-
(XP-V) (Johnson et al., 1999a; Masutani et al., 1999).
ried out with a number of classical DNA polymerases,
Cells from XP-V individuals are deficient in the replica- including the prototypical replicative T7 DNA polymer-
tion of UV-damaged DNA (Lehmann et al., 1975; Cor- ase (Patel et al., 1991; Wong et al., 1991), and they have
deiro-Stone et al., 1997), and they are hypermutable with indicated that correct nucleotide incorporation by DNA
UV light (Wang et al., 1993; Waters et al., 1993). Thus, by polymerases consists of six elementary steps: (1) the
promoting error-free replication of UV-damaged DNA, polymerase first binds the DNA substrate, (2) the poly-
Pol prevents cancer formation. merase-DNA complex then binds the dNTP, (3) the poly-
Biochemical studies with Pol have shown that it has merase undergoes a rate-limiting conformational change
the unique ability to synthesize DNA on templates con- to a catalytically competent state, (4) the chemical step
taining UV-induced cis-syn thymine-thymine (T-T) di- of phosphodiester bond formation then occurs rapidly,
mers efficiently and accurately by preferentially incorpo- (5) the DNA polymerase returns to its original conforma-
rating two A’s opposite the two T’s of the dimer (Johnson tional state, and (6) the DNA substrate finally dissociates
et al., 1999b, 2000; Washington et al., 2000). By contrast, from the polymerase.
classical DNA polymerases, which function during repli- Based on these pre-steady-state kinetic studies, it
cation or repair, do not efficiently incorporate nucleo- has also been proposed that the high fidelity of the T7
tides opposite the T-T dimer, presumably because of the DNA polymerase results from an induced-fit mechanism
distorted geometry of the lesion (Ciarrocchi and Pedrini, (Patel et al., 1991; Wong et al., 1991). Although this propo-
sal for T7 polymerase needs to be reexamined (see Dis-
cussion), in an induced-fit mechanism for nucleotide1Correspondence: sprakash@scms.utmb.edu
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discrimination, when the polymerase undergoes the
conformational change (step 3), it does so at a much
faster rate when the correct nucleotide is bound than
when the incorrect nucleotide is bound. Thus, by de-
tecting the presence of a correct base pair, this confor-
mational change step would make a major contribution
to the high fidelity of nucleotide incorporation.
The ability of Pol to replicate through distorting DNA
lesions and its low-fidelity raise a number of important
questions: for instance, is Pol able to preferentially
bind the correct nucleotide at the initial nucleotide bind-
ing step (step 2), and if so, how strongly does it discrimi-
nate between the correct and incorrect nucleotides at
this binding step? Does Pol undergo an induced-fit
conformational change following nucleotide binding
(step 3), and if so, how strongly does it discriminate
between the correct and incorrect nucleotides during
this conformational change step? To answer these ques-
tions, we have performed a pre-steady-state kinetic
analysis of yeast Pol and examined the mechanism of
correct and incorrect nucleotide incorporation. We show
here that Pol utilizes an induced-fit mechanism; Pol,
however, discriminates poorly between the correct and
incorrect nucleotides at both the initial nucleotide bind-
Figure 1. Pre-Steady-State Kinetics of dATP Incorporation Oppo-ing step and the induced-fit conformational change
site a Template T Residue by Pol
step. These observations account for the ability of Pol
(A) The DNA substrate used in these studies.to replicate through distorting DNA lesions and for its
(B) Preincubated Pol (35 nM) and 32P-end-labeled 25-mer/45-mer
low fidelity. DNA (100 nM) were mixed with dATP (20 M) using a rapid chemical
quench flow instrument for various reaction times. The data were
fit to the burst equation with an amplitude equal to 27  0.7 nMResults
and rate constants equal to 1.0  0.09 s1 and 0.0083  0.0008 s1.
We employed pre-steady-state kinetics to analyze the
mechanism of nucleotide incorporation by Pol and to
determine the basis of its low fidelity. We measured The amount of 26-mer product formed was graphed
the dissociation constants associated with correct and as a function of time, and the kinetics of single-nucleo-
incorrect nucleotide binding (KD) and the rate constants tide incorporation was indeed biphasic (Figure 1B). A
for correct and incorrect nucleotide incorporation (kpol). rapid burst phase of nucleotide incorporation was fol-
However, prior to this, we determined whether Pol ex- lowed by a slow linear phase of nucleotide incorpora-
hibits biphasic kinetics (i.e., “burst kinetics”) for single- tion, indicating that nucleotide incorporation in the first
nucleotide incorporation, which is a necessary first step turnover was faster than nucleotide incorporation in
in carrying out pre-steady-state kinetic analyses. In ad- subsequent turnovers. Thus, the rate-determining step
dition, we measured the KD associated with DNA binding of single-nucleotide incorporation in subsequent turn-
to clearly define the conditions with which to conduct overs is after the chemical step, and one likely candidate
our subsequent experiments. for this is the dissociation of Pol from the DNA sub-
strate. The data were fit by nonlinear regression to the
burst equation (see Experimental Procedures) with aPre-Steady-State Kinetic Analysis of Pol
To determine if Pol exhibited biphasic kinetics (i.e., burst amplitude equal to 27  0.7 nM, a burst rate con-
stant equal to 1.0  0.09 s1, and a linear rate constantburst kinetics) of single-nucleotide incorporation, we
first examined the incorporation of the correct nucleo- equal to 0.0083  0.0008 s1. As expected, the rate
constant of the linear phase, calculated by dividing thetide, dATP, opposite a template T residue in the DNA
substrate shown in Figure 1A. Because of the fast rate slope by the enzyme concentration, was identical to
the maximum rate constant (kcat) of dATP incorporationof correct nucleotide incorporation, these experiments
were carried out using a rapid chemical quench flow instru- opposite a template T residue measured under steady-
state conditions (data not shown).ment, which allows for the rapid mixing and quenching
of reactions on the millisecond timescale. The DNA sub- The presence of a pre-steady-state burst of single-
nucleotide incorporation gave us the opportunity to ex-strate (100 nM final concentration) was preincubated
with Pol (35 nM final active site concentration; see amine the mechanism of nucleotide incorporation by
Pol in detail (Johnson, 1992, 1995). In particular, it al-Active Site Titration) in one syringe, and dATP (20 M
final concentration) was in the other syringe. After mixing lowed us to measure the affinity of nucleotide binding
(KDdNTP) as well as the maximum rate of nucleotide incor-and incubating for times ranging from 100 ms to 50 s,
the reactions were quenched, and samples were run on poration (kpol). A comparison of these parameters for the
correct and incorrect nucleotide incorporation yields aa sequencing gel to separate the radiolabeled 26-mer
product from the unextended 25-mer primer. better understanding of the mechanistic basis of fidelity.
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However, for defining the reaction conditions for subse-
quent experiments, we determined the affinity of DNA
binding as well as the concentration of active Polmole-
cules (active site titration).
Active Site Titration and Determination
of KD for DNA Binding
The amplitude of the pre-steady-state burst phase re-
flects the concentration of the Pol-DNA complex at the
start of the reaction (Johnson, 1995). Thus, we could
obtain the KD for DNA binding and the concentration
of active Pol molecules by examining the pre-steady-
state kinetics of dATP incorporation opposite a template
T residue at various concentrations of DNA. We incu-
bated Pol (45 nM final concentration as judged by two
methods; see Experimental Procedures) and the DNA
substrate (10–160 nM final concentration) in one syringe
and dATP (10 M final concentration) in the other sy-
ringe. After mixing and incubating for times ranging from
200 ms to 10 s, the reactions were quenched and ana-
lyzed by sequencing gel electrophoresis.
For each DNA concentration, the amount of 26-mer
product formed was graphed as a function of time (Fig-
ure 2A). The initial time points for each DNA concen-
tration were fit using nonlinear regression to the expo-
nential equation (see Experimental Procedures). The
amplitude was then graphed as a function of DNA con-
centration (Figure 2B), and these data were fit using
nonlinear regression to the quadratic equation (see Ex-
Figure 2. Active Site Titration of Pol
perimental Procedures). This analysis yielded a concen-
(A) Preincubated Pol (45 nM total protein concentration) and vari-tration of active Pol equal to 35  1 nM and a KD for ous concentrations of 32P-end-labeled 25-mer/45-mer DNA (10 nM,
DNA binding equal to 11  2 nM. Thus, the preparation ; 20 nM, ; 30 nM, ; 40 nM, ; 50 nM, H17009; 60 nM, ; 80 nM, ;
of Pol used in these experiments was 80% active, and 120 nM, ; 140 nM, 	; and 160 nM, 
) were mixed with dATP (10
M) for various reaction times. The solid lines represent the bestthe Pol concentrations for all the experiments were
fits to the exponential equation. These ten experiments representcorrected for the amount of active enzyme. The KD for
part of a total set of 24 experiments done at various DNA concentra-DNA binding by Pol is rather typical of interactions
tions to ensure reproducibility.between polymerases and their DNA substrates (Kuchta
(B) The amplitude of the exponential phase () was graphed as a
et al., 1987; Patel et al., 1991). function of DNA concentration. The solid line represents the best
fit to the quadratic equation with an active site concentration equal
to 35  1 nM and a KD for the Pol-DNA complex equal to 11  2Kinetics of Correct Nucleotide Incorporation
nM.To obtain the KD for correct nucleotide binding and the
maximum rate constant of correct nucleotide incorpora-
tion (kpol), we next examined the incorporation of dATP thesis is more biologically relevant than the rate mea-
sured under single-nucleotide incorporation conditions.opposite a template T residue at various concentrations
of dATP (0.5–15 M; Figure 3A). The initial time points Thus, to ensure that the kpol during processive synthesis
is the same as the kpol that we measured for single-for each dATP concentration were fit using nonlinear
regression to the exponential equation, and the rate nucleotide incorporation, we examined the kinetics of
nucleotide incorporation during processive DNA synthe-constant was graphed as a function of dATP concentra-
tion (Figure 3B). These data were fit using nonlinear sis. We preincubated Pol (35 nM) and the DNA sub-
strate (100 nM) in one syringe and dGTP, dATP, andregression to the hyperbolic equation (see Experimental
Procedures), which gave the kpol of 1.3  0.09 s1 and dTTP (50 M each) in the other syringe. In the absence
of dCTP, the 25-mer primer can be extended by up toKDdATP of 2.4  0.5 nM. The KDdATP is rather typical of
interactions between DNA polymerases and correct nu- four nucleotides (see Figure 1A).
Figure 3C shows the amount of 26-mer, 27-mer, 28-cleotides (Kuchta et al., 1987; Patel et al., 1991; Einoff
and Guengerich, 2000). The kpol, however, is markedly mer, and 29-mer formed as a function of reaction time.
Computer simulations were performed in which the ratelower than the kpol for correct nucleotide incorporation
reported for classical polymerases. For example, the kpol constants of formation of the intermediates were as
follows: 26-mer at 1.6 s1, 27-mer at 1.0 s1, 28-mer atfor Pol is about 200-fold lower than the kpol for T7 DNA
polymerase (Patel et al., 1991) and about 40-fold lower 1.3 s1, and 29-mer at 1.5 s1 (see Experimental Proce-
dures). The close fit between the experimental data andthan the kpol for Klenow (Kuchta et al., 1987).
Because Pol incorporates 4–5 nucleotides per DNA the simulated data shows that the kpol for single-nucleo-
tide incorporation is indeed the same as the kpol forbinding event (Washington et al., 1999, 2000), the rate
of nucleotide incorporation during processive DNA syn- processive nucleotide incorporation.
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ahead and incorporating the next nucleotide following
each nucleotide incorporation event. For a kpol equal to
1.3 s1 and a koff equal to 0.25 s1, the processivity is
equal to 0.84. This value is similar to previously reported
measurements of the processivity of Pol (Washington
et al., 1999, 2000) and is further supported by the fact
that the concentrations of the intermediate species in
Figure 3C (26-mer, 27-mer, and 28-mer) finally accumu-
late at approximately 5 nM rather than returning to base-
line (zero).
As mentioned above, slow dissociation of Pol from
the DNA substrate is a likely candidate for the steady-
state rate-determining step for single-nucleotide incor-
poration (kcat). Surprisingly, the magnitude of koff ob-
tained from the simulation is about 20- to 30-fold faster
than the kcat (0.01 s1). A similar discrepancy between
the koff for processive DNA synthesis and the steady-
state rate constant for single-nucleotide incorporation
(kcat) was previously observed with HIV reverse tran-
scriptase (RT), where it was shown that HIV RT dissoci-
ates from the DNA faster from the HIV RT-DNA-dNTP
complex (koff) than it does from the HIV RT-DNA complex
(kcat) (Kati et al., 1992). In any event, during processive
DNA synthesis, if Pol dissociated from the DNA at the
slower steady-state rate (0.01 s1), then the processivity
would be equal to 0.99. This is not consistent with pre-
viously reported measurement of the processivity of
Pol (Washington et al., 1999, 2000) and the fact that
the concentrations of the intermediate species in Figure
3C do not return to baseline.
Kinetics of Incorrect Nucleotide Incorporation
To obtain the KD for incorrect nucleotide binding and a
maximum rate constant of incorrect nucleotide incorpo-
ration (kpol), we next examined the kinetics of dCTP incor-
poration opposite a template T residue at various con-
centrations of dCTP (5–40 M; Figure 4A). Because of
the slow rate of incorrect nucleotide incorporation, these
experiments were performed by hand. Data from each
Figure 3. Concentration Dependence of the Rate of Correct Nucleo- dCTP concentration were fit to the burst equation using
tide Incorporation by Pol nonlinear regression (Figure 4A), and the burst rate con-
(A) Preincubated Pol (35 nM) and 32P-end-labeled 25-mer/45-mer stants were graphed as a function of dCTP concentra-
DNA (100 nM) were mixed with various concentrations of dATP (0.5 tion (Figure 4B). These data were fit using nonlinear
M, ; 1 M, ; 2 M, ; 3 M, ; 4 M, H17009; 5 M, ; 8 M, ; regression to the equation for a hyperbola, and this
10 M, ; and 15 M, 	) for various reaction times. The solid
analysis gave kpol equal to 0.0087 0.0006 s1 and KDdCTPlines represent the best fits to the exponential equation. These nine
equal to 13  2 M. The KDdCTP of Pol is similar to theexperiments represent part of a total set of 22 experiments done at
various dATP concentrations to ensure reproducibility. KD for incorrect nucleotide binding in the case of Klenow
(B) The rate of the exponential phase () was graphed as a function (Kuchta et al., 1988), but it is over 500-fold lower than
of dATP concentration. The solid line represents the best fit to the in the case of T7 DNA polymerase (Wong et al., 1991).
hyperbolic equation with a kpol equal to 1.3  0.09 s1 and a KDdATP The kpol for incorrect nucleotide incorporation by Polfor the Pol-DNA-dATP complex equal to 2.4  0.5 M.
is similar to the kpol for incorrect nucleotide incorporation(C) Preincubated Pol (35 nM) and 32P-end-labeled 25-mer/45-mer
by Klenow, but it is about 20-fold lower than that for T7DNA (100 nM) were mixed with dGTP, dATP, and dTTP (50 M each)
for various reaction times. The amount of each product formed (26- DNA polymerase (Kuchta et al., 1988; Wong et al., 1991).
mer, ; 27-mer, ; 28-mer, ; and 29-mer, ) was graphed as a
function of reaction time. The solid lines were obtained by computer A Conformation Change Step Precedes
simulation using the mechanism described in the Experimental Pro-
Phosphodiester Bond Formationcedures.
Next, we examined whether the kpol value we observe
for Pol is a direct measure of the chemical step of
phosphodiester bond formation, or whether it is a mea-For the computer simulation, the rate constant for Pol
dissociation from each of the intermediates (koff) was sure of a conformational change immediately preceding
the chemical step. To distinguish between these alterna-0.25 s1. The kpol and koff values can be used to calculate
the processivity, P, of Pol using the equation P  kpol / tives, we first examined the effect of a sulfur atom substi-
tution for oxygen at the -phosphate of the incoming(kpol 	 koff). P is defined as the probability of moving
Pre-Steady-State Kinetic Analyses of Pol
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merase, E. coli DNA polymerase I (Klenow), and Pol

are 3.1, 3.0, and 2.1, respectively (Kuchta et al., 1987;
Patel et al., 1991; Vande Berg et al., 2001), and these
all have been interpreted as reflecting a rate-limiting
conformational change.
Figure 5B shows the incorporation of the incorrect
nucleotide dCTP and dCTPS as a function of time, and
the data were fit by nonlinear regression to the burst
equation. For dCTP incorporation the burst rate con-
stant was 0.0066 0.0011 s1, and for dCTPS incorpo-
ration the burst rate constant was 0.0034  0.0012 s1.
In this case, the elemental effect is 1.9, which suggests
that for incorrect nucleotide incorporation also, kpol may
reflect a conformational change prior to the chemical
step.
Although the lack of a substantial elemental effect
supports the presence of a rate-limiting conformational
change prior to the chemical step, it does not demand
that a noncovalent step precede catalysis. Further sup-
port for attributing the lack of a substantial elemental
effect to a conformational change rather than to cataly-
sis has been provided by the observation of a substantial
elemental effect in some situations. For instance, while
the E. coli DNA polymerase I (Klenow) shows a small
elemental effect on kpol for correct nucleotide incorpora-
tion, suggesting that it corresponds to a conformational
change step (Kuchta et al., 1987), it shows a large ele-
mental effect on kpol for incorrect nucleotide incorpora-
Figure 4. Concentration Dependence of the Rate of Incorrect Nucle- tion, indicating that in this case, the elemental effect
otide Incorporation by Pol corresponds to the chemical step (Kuchta et al., 1988).
(A) Preincubated Pol (35 nM) and 32P-end-labeled 25-mer/45-mer While Pol shows no substantial elemental effect for
DNA (100 nM) were mixed with various concentrations of dCTP (5
either correct or incorrect nucleotide incorporation, weM, ; 10 M, ; 15 M, ; 20 M, ; 30 M, H17009; and 40 M, )
find that Pol displays a substantial elemental effect forfor various reaction times. The solid lines represent the best fits to
nucleotide incorporation opposite an abasic site. Polthe burst equation. These six experiments represent a total set of
15 experiments done at various dCTP concentrations to ensure is highly inefficient at inserting nucleotides opposite an
reproducibility. abasic site. For example, yeast Pol inserts an A oppo-
(B) The burst rate () was graphed as a function of dCTP concentra- site an abasic site about 2000-fold less efficiently than
tion. The solid line represents the best fit to the hyperbolic equation
opposite template T (Haracska et al., 2001). Figure 5Cwith a kpol equal to 0.0087  0.0006 s1 and a KDdCTP for the Pol-
shows the incorporation of dATP and dATPS oppositeDNA-dCTP complex equal to 13  2 M.
a template abasic site as a function of time. The linear
rate constant for dATP incorporation opposite the aba-
sic site was 0.0060 s1, while the linear rate constant
nucleotide on both correct and incorrect nucleotide in- for dATPS incorporation was 0.00066 s1. Thus, the
corporation. Due to the lower electronegativity of sulfur elemental effect for nucleotide incorporation opposite
relative to oxygen, a significant decrease in kpol upon an abasic site is 9.1. This implies that Pol is at least
sulfur substitution would suggest that chemistry is rate capable of showing an elemental effect and suggests
limiting. Based on studies with phosphate triesters, an that in this case, the chemical step is rate limiting. How-
elemental effect of 100-fold or greater has generally ever, the possibility that this substantial elemental effect
been taken as evidence for a rate-limiting chemical step is attributable to a steric component that is manifested
(Mizrahi et al., 1985; Kuchta et al., 1987; Patel et al., only in the presence of the abasic site cannot be entirely
1991; Wong et al., 1991). Recent studies with phosphate excluded.
diesters, however, have indicated that the expected ele- Independent evidence for a conformational change
mental effect for a rate-limiting chemical step is much step preceding the chemical step of phosphodiester
smaller, only 4- to 11-fold (Herschlag et al., 1991). bond formation can be provided by comparing the kinet-
Figure 5A shows the incorporation of the correct nu- ics of product formation in acid-quench and pulse-
cleotide dATP and dATPS as a function of time, and chase experiments (Dahlberg and Benkovic, 1991; Patel
the data were fit using nonlinear regression to the expo- et al., 1991; Johnson, 1992). For these experiments, pre-
nential equation with a rate constant equal to 1.0  0.1 incubated Pol (100 nM) and unlabeled DNA substrate
s1 for dATP and 0.66 0.02 s1 for dATPS. Thus, in the (100 nM) were mixed with [-32P]dATP for various time
case of correct nucleotide incorporation, the elemental intervals, and the amount of radiolabeled nucleotide in-
effect is only 1.5, suggesting that the chemical step may corporated into the DNA was observed by sequencing
not be rate limiting; rather, kpol may reflect a rate-limiting gel electrophoresis. For the acid-quench experiments,
conformational change prior to the chemical step. The the reactions were quenched with 1 M HCl, and in this
case, the observed kinetics reflects the incorporationelemental effects reported previously for T7 DNA poly-
Cell
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Figure 5. Pol Undergoes an Induced-Fit Conformational Change
(A) Elemental effect on the rate of correct nucleotide incorporation. Preincubated Pol (35 nM) and 32P-end-labeled 25-mer/45-mer DNA (100
nM) were mixed with either 15 M dATP () or dATP(S) () for various reaction times. The solid lines represent the best fits to the exponential
equation.
(B) Elemental effect on the rate of incorrect nucleotide incorporation. Preincubated Pol (35 nM) and 32P-end-labeled 25-mer/45-mer DNA
(100 nM) were mixed with either 50 M dCTP () or dCTP(S) () for various reaction times. The solid lines represent the best fits to the
burst equation.
(C) Elemental effect on the rate of nucleotide incorporation opposite a template abasic site. Preincubated Pol (35 nM) and 32P-end-labeled
30-mer/53-mer DNA (50 nM) were mixed with either 50 mM dATP () or dATP(S) () for various reaction times.
(D) Pulse-chase and acid-quench experiments. Preincubated Pol (100 nM) and unlabeled DNA substrate (100 nM) were mixed with 10 M
[-32P]dATP for various reaction times and either quenched directly with acid () or chased with 1.5 mM unlabeled dATP for 30 s prior to
quenching with 1 M HCl (). The solid lines represent the best fits to the exponential equation.
of the nucleotide. For the pulse-chase experiments, the are similar to those obtained with E. coli DNA poly-
merase I (Klenow), where the pulse-chase and quenchreactions were chased with 1.5 M excess, unlabeled
dATP for 30 s followed by acid quenching. Under pulse- experiments also indicated the accumulation of an inter-
mediate species with a stably bound nucleotide (Dahl-chase conditions, the observed kinetics reflects, in addi-
tion to nucleotide incorporation, the stable binding of berg and Benkovic, 1991). In Klenow, the accumulation
of this intermediate species was attributed to the pres-the nucleotide to the protein. Thus, a comparison of the
reaction kinetics of the pulse-chase and acid-quench ence of a step after the formation of the phosphodiester
bond that acts as a kinetic “road block” (Dahlberg andexperiments provides direct evidence for the formation
of a stable nucleotide bound enzyme intermediate pre- Benkovic, 1991). The accumulation of the intermediate
in Pol may also derive from a similar mechanism.ceding the chemical step. The acid-quench data were
fit to an equation for an exponential with an amplitude
of 67  1 nM and a rate constant of 1.2  0.08 s1, Discussion
and the pulse-chase data were fit to an equation for an
exponential with an amplitude of 80  2 nM and a rate Model for Nucleotide Incorporation by Pol
Based on these experiments, we propose a model ofconstant of 1.1  0.09 s1 (Figure 5D). The small but
reproducible difference in amplitude between the acid- nucleotide incorporation (Figure 6A). (1) Pol binds to
the DNA with a KD equal to 11 nM. (2) The Pol-DNAquench and pulse-chase experiments reveals the pres-
ence of an accumulating intermediate species in which complex binds to the nucleotide with a KDdNTP equal to
2.4 M if it is correct and a KDdNTP equal to 13 M if it isthe nucleotide is stably bound prior to the chemical step.
From these experiments, we conclude that a conforma- incorrect. (3) Pol undergoes a conformational change
with kpol equal to 1.3 s1 when the correct nucleotide istional change step which results in stable nucleotide
binding precedes the chemical step. Our results for Pol bound and kpol equal to 0.0087 s1 when the incorrect
Pre-Steady-State Kinetic Analyses of Pol
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Figure 6. Mechanism of Nucleotide Incorporation by Pol and Gibbs Free Energy Profiles for T7 DNA Polymerase, E. coli DNA Polymerase I
(Klenow), and Pol
(A) E represents Pol, E•DNA represents DNA bound Pol, and E•DNA•dNTP represents the ternary complex of Pol with DNA and dNTP.
Following the binding of the nucleotide, a rate-limiting conformational change E•DNA•dNTP → E•DNA•dNTP occurs in Pol (step 3), and
this step facilitates the phosphodiester bond formation, leading to the incorporation of the nucleotide in E•DNAn	1. Following chemistry, a
second conformational change presumably returns the E•DNAn	1 complex to the E•DNAn	1 form (step 5).
(B) The free energy changes associated with the initial nucleotide binding step and the subsequent rate-limiting step were calculated from
the KDdNTP and the kpol assuming a nucleotide concentration of 100 M. The KDdNTP and kpol values for T7 DNA polymerase are from Patel et al.
(1991) and Wong et al. (1991), and the KDdNTP and kpol values for DNA Polymerase I (Klenow) are from Kuchta et al., (1987, 1988). The correct
nucleotide is indicated by a solid line, and the incorrect nucleotide by a dashed line. Arrows indicate the G‡ for the rate-limiting step for
the incorporation of the correct versus incorrect nucleotide (see also Table 1).
nucleotide is bound. (4) Pol rapidly catalyzes the chem- ase (Capson et al., 1992; Frey et al., 1995), T7 DNA
polymerase (Patel et al., 1991), and Pol
 (Ahn et al.,ical step of phosphodiester bond formation. (5) Pol
returns to its initial conformation. (6) Pol dissociates 1997; Zhong et al., 1997; Vande Berg et al., 2001) have
suggested a two-step nucleotide binding mechanism,from DNA with a koff equal to 0.005–0.01 s1. (7) Alterna-
tively, Pol translocates along the DNA and catalyzes in which the pol•DNA complex first binds the nucleotide
and a subsequent conformational change leads to aanother cycle of nucleotide incorporation.
In the proposed scheme, the presence of the confor- productive catalytic complex where chemistry occurs
rapidly. Although Pol utilizes the same two-step pro-mational change step (step 3, Figure 6A) immediately
prior to the chemical step is deduced from the small cess for nucleotide incorporation, it possesses a lower
fidelity and must differ from these other DNA polymer-elemental effect observed when a sulfur atom is substi-
tuted for oxygen at the -phosphate of the nucleotide ases in the contribution that each of these steps makes
to fidelity.and from the comparison of pulse-chase and acid-quench
experiments. Also, it should be noted that the rate- A comparison of the KDdNTP for correct and incorrect
nucleotide binding provides the free energy differencesdetermining step for single-nucleotide incorporation un-
der steady-state conditions (kcat) is shown here as the (G) associated with the initial binding of nucleotides
to the polymerase. The 5.4-fold selectivity of Pol forrate of Pol dissociation from DNA (koff; step 6, Figure
6A). However, as suggested by the processive DNA syn- the binding of the correct over the incorrect nucleotide
(Table 1) corresponds to a G equal to 1.0 kcal/molthesis experiment, it is possible that koff is 20- to 30-fold
faster than kcat. In such a case, the rate-determining (Figure 6B). This smallG is similar in magnitude to the
step during steady-state turnover would be another step free energy differences between primer terminal correct
following the chemical step that does not limit pro- and incorrect base pairs—0.3–1 kcal/mol—determined
cessive DNA synthesis. by DNA-melting experiments (Petruska et al., 1988). This
suggests that nucleotides initially bind Pol according
to their intrinsic ability to base pair with the templateMechanistic Basis of the Fidelity of Pol
Pre-steady-state kinetic analyses with E. coli Klenow residue without the constraints of geometric selection
imposed by the polymerase.(Kuchta et al., 1987; Frey et al., 1995), T4 DNA polymer-
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Table 1. Comparison of the Nucleotide Incorporation Parameters of Pol with the Replicative and Repair DNA Polymerases
T7 DNA Polymerasea DNA Polymerase Ib (Klenow) DNA Polymerase c
Correct Incorrect Correct Incorrect Correct Incorrect
KDdNTP (M) 18 7,000 5 17 2.4 13
kpol (s1) 300 0.14 50 0.010 1.3 0.0087
kpol/KDdNTP (M1s1) 17 2.0  105 10 5.9 104 0.54 6.7  104
KDdNTP/KDdNTP
d
390 3.4 5.4
kpol/kpole 2,100 5,000 150
Fidelityf 820,000 17,000 810
a Data are from Patel et al. (1991) and Wong et al. (1991).
b Data are from Kuchta et al. (1987, 1988).
c Values were obtained from the complete data sets shown in Figures 3 and 4.
d Calculated as (KDdNTP)incorrect/(KDdNTP)correct.
e Calculated as (kpol)correct/(kpol)incorrect.
f Calculated as (kpol/KDdNTP)correct/(kpol/KDdNTP)incorrect.
A comparison of the kpol for correct and incorrect nu- case with Klenow and T7 DNA polymerase. For these
polymerases, the rate-limiting step is different duringcleotide incorporation by Pol provides the free energy
differences (G‡) associated with the activation barrier correct and incorrect nucleotide incorporation. For cor-
rect nucleotide incorporation by Klenow, the conforma-of the rate-limiting step, which is the induced-fit confor-
mational change. The 150-fold selectivity of Pol for tional change step is rate limiting, showing an elemental
effect of 3.0 (Kuchta et al., 1987), whereas for incorrectincorporating the correct over the incorrect nucleotide
(Table 1) corresponds to a G‡ equal to 3.0 kcal/mol nucleotide incorporation, the chemical step slows dramat-
ically and becomes rate limiting, showing an elemental(Figure 6B). As discussed below, this G‡ is far smaller
than theG‡ of classical DNA polymerases. In addition, effect of 65 (Kuchta et al., 1988). For correct nucleotide
incorporation by T7 DNA polymerase, the conforma-because the conformational change step is rate limiting
for both correct and incorrect nucleotide incorporation, tional change step is also rate limiting, showing an ele-
mental effect of 3.1 (Patel et al., 1991). For incorrectit is unlikely that the chemical step, which occurs rapidly
in both cases, contributes much to nucleotide discrimi- nucleotide incorporations, T7 polymerase shows ele-
mental effects of 17, 19, and 34, and these were interpre-nation by Pol.
ted as indicating that a conformational change step was
at least partially rate limiting in these cases (Wong etComparisons with Other DNA Polymerases
Figure 6B compares the free energy diagrams of a por- al., 1991). This conclusion, however, needs to be reex-
amined, because it was based on the expectation oftion of the nucleotide-incorporation reaction catalyzed
by T7 DNA polymerase, a replicative polymerase; by elemental effects of greater than 100-fold for rate-lim-
iting chemical steps that were derived from studies withE. coli Klenow, a repair polymerase; and by Pol, a
translesion synthesis polymerase. The solid lines repre- model phosphate triesters. More recent studies with
phosphate diesters have indicated the elemental effectssent the incorporation of the correct nucleotide, and the
dashed lines represent the incorporation of the incorrect to be much smaller, in the range of 4- to 11-fold, for rate-
limiting chemical steps (Herschlag et al., 1991). Thus, innucleotide.
With respect to the initial nucleotide binding event, the case of incorrect nucleotide incorporation by T7
DNA polymerase, the chemical step likely slows downPol resembles the repair polymerase but not the repli-
cative polymerase (Table 1, Figure 6B). Pol binds the dramatically and becomes rate limiting. Consequently,
for both Klenow and T7 DNA polymerase, some if notcorrect nucleotide 5.4-fold better than the incorrect nu-
cleotide, corresponding to a G equal to 1.0 kcal/mol. most of the discrimination during the incorporation of
the bound nucleotide is achieved at the chemical step.This is similar to Klenow, which binds the correct nu-
cleotide 3.4-fold better than the incorrect nucleotide, In addition to differences in the mechanism of discrim-
ination employed during the incorporation of the boundcorresponding to a G equal to 0.8 kcal/mol. T7 DNA
polymerase, by contrast, binds the correct nucleotide nucleotide, Pol resembles neither T7 DNA polymerase
nor Klenow with respect to the degree of discrimination390-fold better than the incorrect nucleotide, corre-
sponding to a G equal to 3.5 kcal/mol (Table 1, Figure achieved during the incorporation of the bound nucleo-
tide (Table 1, Figure 6B). The rate-limiting step of nucleo-6B). Consequently, T7 DNA polymerase significantly sta-
bilizes correct nucleotide binding and destabilizes incor- tide incorporation (kpol) for Pol is 150-fold faster when
the correct nucleotide is bound than when the incorrectrect nucleotide binding, while Klenow and Pol do not.
For the incorporation of the bound nucleotide, Pol nucleotide is bound, corresponding to a G‡ equal to
3.0 kcal/mol (arrows in Figure 6B). This sharply contrastsresembles neither the replicative nor the repair polymer-
ase with respect to the mechanism of nucleotide dis- with T7 DNA polymerase and Klenow, in which the kpol
step is 2,100-fold and 5,000-fold faster when the correctcrimination. As stated earlier, the discrimination during
the incorporation of the bound nucleotide by Pol is nucleotide is bound than when the incorrect nucleotide
is bound (Table 1), corresponding to G‡ values equalachieved primarily at the rate-limiting conformational
change step; the chemical step does not significantly to 4.5 kcal/mol and 4.9 kcal/mol, respectively (Figure
6B). Thus, for the incorporation of the bound nucleotide,contribute to nucleotide discrimination. This is not the
Pre-Steady-State Kinetic Analyses of Pol
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bound glutathione 4B matrix (1 ml) was gently rocked with 1 ml ofPol discriminates quite poorly between the correct and
50 mM TrisCl (pH 7.0), 150 mM NaCl, 1 mM EDTA, 1 mM DTT,incorrect nucleotides relative to these other poly-
0.01% NP-40, and 80 units of PreScission protease for 16 hr at 4C.merases.
Cleavage with PreScission protease generated a seven amino acid
leader peptide fused to the full-length Pol protein, which was col-
Structural Implications of Poor Nucleotide lected by centrifugation at 500  g for 5 min. The PreScission prote-
ase and the GST portion of the GST-Pol fusion protein remainedDiscrimination by Pol
bound to the glutathione sepharose 4B matrix. The purified PolIn summary, by contrast to T7 DNA polymerase, which
thus lacked the GST portion. The purified enzyme was stored in 10exhibits a high selectivity for the correct nucleotide at
l aliquots at 70C.the nucleotide binding step and at the subsequent con-
The concentration of total Pol was determined using two meth-
formational change and chemical steps, and to Klenow, ods. First, the UV absorbance at 280 nM was measured under dena-
which exhibits a high selectivity for the correct nucleo- turing conditions (8 M urea) using a molar extinction coefficient equal
to 78,896 M1cm1 (calculated from the amino acid composition).tide at the conformational change and chemical steps,
Second, the Bio-Rad Protein Assay was used with bovine serumPol displays comparatively little selectivity for incorpo-
albumin as a standard. Both methods gave similar results. In addi-rating the correct nucleotide at any of these steps. These
tion, the concentration of active Pol was determined by active-siteobservations suggest that the structure of the Pol·
titration (see Results; Figure 2). Comparing the concentration of
DNA·dNTP ternary complex would differ strikingly from total Pol to the concentration of active Pol, we found that the
that of the classical replicative/repair DNA polymerases, preparation of Pol used in this study was 80% active. The concen-
tration of Pol used in all experiments was corrected for the amountin which the fingers subdomain comes into intimate con-
of active Pol.tact with the bound nucleotide, providing for a tight fit
and a high degree of nucleotide discrimination (Doublie
Nucleotidesand Ellenberger, 1998; Doublie et al., 1998). By contrast,
All four deoxynucleoside triphosphates (100 mM solutions of theless intimate contacts may occur between Pol and the
lithium salt [pH 7.0]) were purchased from Boehringer Mannheim
bound nucleotide, and that could account for the poor and stored at 20C. 2-deoxyadenosine 5-O-(1-Thiotriphosphate)
nucleotide discrimination by this enzyme. (dATPS) and 2-deoxycytidine 5-O-(1-Thiotriphosphate) (dCTPS)
were purchased from Amersham Pharmacia. Adenosine 5 [-32P]tri-The high-resolution crystal structure of Pol apoen-
phosphate (6000 Ci/mmol) was purchased from Amersham Phar-zyme has been determined recently (Trincao et al.,
macia.2001). By contrast to the T7 DNA polymerase, in which
the conserved and functionally important residues in
DNA Substratesthe O helix come into intimate contact with the bound
The DNA substrate consisted of two synthetic oligodeoxynucleo-
nucleotide (Doublie and Ellenberger, 1998; Doublie et tides. The primer was a 25-mer (5-GCCTC GCAGC CGTCC AACCA
al., 1999), in Pol, the fingers subdomain is much smaller ACTCA) and the template was a 45-mer (5-GGACG GCATT GGATC
GACCT TGAGT TGGTT GGACG GCTGC GAGGC). The primer strandand lacks an equivalent of the O helix. Instead, only a
(5 M) was 32P-labeled at the 5 end by incubation with polynucleo-short loop is positioned to potentially interact with the
tide kinase (Boehringer Mannheim) and [-32P]ATP for 1 hr at 37C.nucleotide substrate (Trincao et al., 2001). Furthermore,
The 32P-labeled primer was separated from the unreacted [-32P]ATPthe structures of two DinB homologs from Sulfolobus
by a Sephadex G-25 spin column (Amersham Pharmacia), and the
solfataricus have been solved recently, one in the ab- primer (2 M) was annealed to the template (3 M) in 25 mM TrisCl
sence of ligands (Zhou et al., 2001) and the other in a (pH 7.5), 100 mM NaCl by heating to 90C for 2 min and slowly
cooling to room temperature over several hours. Annealed DNAternary complex with DNA and the incoming nucleotide
substrates were stored at 4C for up to one week.(Ling et al., 2001). The structure of the ternary complex
The DNA substrate containing the abasic site consisted of a 30-also shows the relative lack of specific contacts between
mer primer (5 CGACG ATGCT CCGGT ACTCC AGTGT AGGCA)the protein and the bound nucleotide. These observations
and a 53-mer template (5 ATGCC TGCAC GAAGA GTTCT TGXTG
support the premise that the relative lack of intimate CCTAC ACTGG AGTAC CGGAG CATCG TCG, where X indicates
contacts between the protein and the bound nucleotide the position of the abasic site.)
is the structural basis for the tolerance of geometric
distortions by Pol and for its low fidelity. These struc- Pre-Steady-State Kinetic Assays
All experiments were carried out in 25 mM TrisCl (pH 7.5), 5 mMtural studies, however, provide no information as to
MgCl2, 5 mM DTT, and 10% glycerol at 30C using a Rapid Chemicalwhether an induced-fit mechanism operates in Pol or
Quench Flow instrument (KinTek) (Johnson, 1992, 1995, 1998). Pre-in DinB polymerase. The presence of an induced-fit con-
incubated Pol (35 nM final concentration) and DNA substrates
formational change step and the contribution of this (10–200 nM final concentration) were loaded into one of the sample
step to the fidelity of Pol could have been inferred loops (15 l). Nucleotides (0.5–50 M final concentration) were
loaded into the other sample loop. Samples were rapidly mixed andonly from the pre-steady-state kinetic analyses reported
quenched with 0.3 M EDTA after a designated time interval (100 mshere.
to 3 min). Quenched reactions were run on a 15% polyacrylamide
sequencing gel with 5 M urea, and gel band intensities were quanti-Experimental Procedures
tated using the PhosphorImager and ImageQuant software (Molecu-
lar Dynamics).Purification of Pol
Yeast strain BJ5464 carrying plasmid pR30.175, which contains the
gene encoding the fusion protein of glutathione S-transferase (GST) Acid-Quench and Pulse-Chase Experiments
Acid-quench and pulse-chase experiments were carried out usingand full-length yeast Pol under the control of the inducible GAL
PGK promoter and which has the leu2d selectable marker, was the Rapid Chemical Quench Flow instrument under the conditions
described above. Preincubated Pol (100 nM final concentration)grown as previously described (Johnson et al., 1999b). The GST-
Pol fusion protein was purified as previously described (Johnson et and unlabeled DNA substrate (100 nM) were loaded into one of the
sample loops, and [-32P]dATP (1–10 M final concentration) wasal., 1999b), except that Pol protein was eluted from the glutathione
sepharose 4B matrix (Amersham Pharmacia) by treatment with Pre- loaded into the other sample loop. In the acid-quench experiments,
reactions were quenched with 1 M HCl after a designated timeScission Protease (Amersham Pharmacia) as follows. The GST-Pol
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interval (100 ms to 5 s). In the pulse-chase experiments, reactions Doublie, S., and Ellenberger, T. (1998). The mechanism of action of
T7 DNA polymerase. Curr. Opin. Struct. Biol. 8, 704–712.were mixed with excess, unlabeled dATP (1.5 mM final concentra-
tion) after a designated time interval (100 ms to 5 s) and incubated Doublie, S., Tabor, S., Long, A.M., Richardson, C.C., and Ellen-
for a further 30 s before quenching with acid. Quenched samples berger, T. (1998). Crystal structure of a bacteriophage T7 DNA repli-
were treated with chloroform and neutralized with 1 M NaOH, and cation complex at 2.2 A˚ resolution. Nature 391, 251–258.
nucleotide incorporation was quantitated by sequencing gel electro-
Doublie, S., Sawaya, M.R., and Ellenberger, T. (1999). An open and
phoresis.
closed case for all polymerases. Structure 7, R31–R35.
Einoff, H.J., and Guengerich, E.P. (2000). Kinetic analysis of nucleo-Data Analysis and Computer Simulation
tide incorporation by mammalian DNA polymerase . J. Biol. Chem.The amount of product ([26-mer]) formed was graphed as a function
275, 16316–16322.of reaction time (t). These data were fit by nonlinear regression using
SigmaPlot 5.0 to the burst equation [26-mer]  A(1  ek1t) 	 k2t Frey, W.W., Sowers, L.C., Millar, D.P., and Benkovic, S.J. (1995).
where A is the burst amplitude, k1 is the burst rate constant, and k2 The nucleotide analog 2-aminopurine is a spectroscopic probe of
is the steady-state rate constant. Additionally, these data were fit nucleotide incorporation by the Klenow fragment of Escherichia coli
to the exponential equation [26-mer]  A(1  ekt). polymerase I and bacteriophage T4 DNA polymerase. Biochemistry
To determine the KD for DNA binding and the concentration of 34, 9185–9192.
active Pol ([Pol]), the burst amplitude (A) was graphed as a func- Haracska, L., Prakash, S., and Prakash, L. (2000a). Replication past
tion of total DNA concentration ([DNA]t) and fit by nonlinear regres- O6-methylguanine by yeast and human DNA polymerase . Mol.
sion to the quadratic equation A  0.5(KD 	 [Pol] 	 [DNA]t)  Cell. Biol. 20, 8001–8007.√ 0.25(KD 	 [Pol] 	 [DNA]t)2  ([Pol][DNA]t). Haracska, L., Yu, S.-L., Johnson, R.E., Prakash, L., and Prakash, S.
To determine the kpol and KDdNTP parameters for correct and incor- (2000b). Efficient and accurate replication in the presence of 7,8-
rect nucleotide incorporation, the rate constants (kobs) for nucleotide dihydro-8-oxoguanine by DNA polymerase . Nat. Genet. 25,
incorporation were graphed as a function of nucleotide concentra-
458–461.
tion ([dNTP]) and fit by nonlinear regression to the hyperbolic equa-
Haracska, L., Washington, M.T., Prakash, S., and Prakash, L. (2001).tion kobs  (kpol[dNTP])/(KDdNTP 	 [dNTP]).
Inefficient bypass of an abasic site by DNA polymerase . J. Biol.Data from the processive DNA synthesis experiment were mod-
Chem. 276, 6861–6866.eled by computer simulation using the KinTekSim software (Barshop
et al., 1983; Anderson et al., 1988). The mechanism used for simulat- Herschlag, D., Piccirilli, J.A., and Cech, T.R. (1991). Ribozyme-cata-
ing the data was a step-by-step conversion of the 25-mer to 29- lyzed and nonenzymatic reactions of phosphate diesters: rate ef-
mer, where the steps occurred with rate constants equal to 1.6 s1, fects upon substitution of sulfur for a nonbridging phosphoryl oxy-
1.0 s1, 1.3 s1, and 1.5 s1, respectively, and dissociation from the gen atom. Biochemistry 30, 4844–4854.
DNA at each of the intermediates occurred at a rate constant of Husain, I., Griffith, J., and Sancar, A. (1988). Thymine dimers bend
0.25 s1. DNA. Proc. Natl. Acad. Sci. USA 85, 2558–2562.
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